Abstract In this review we first provide an introductory description of the singlet fission phenomenon and then describe the ground and electronically excited states of the parent 1,3-diphenylisobenzofuran chromophore (1) and about a dozen of its derivatives. A discussion of singlet fission in thin polycrystalline layers of these materials follows. The highest quantum yield of triplet formation by singlet fission, 200% at 80 K, is found in one of the two known crystal modification of the parent. In the other modification and in many derivatives, excimer formation competes successfully and triplet yields are low. A description of solution photophysics of covalent dimers is described in the next section. Triplet yields are very low, but interesting phenomena are uncovered. One is an observation of a separated-charges (charge-transfer) intermediate in highly polar solvents. The other is an observation of excitation isomerism in both singlet and triplet states, where in one isomer the excitation is delocalized over both halves of the covalent dimer, whereas in the other it is localized on one of the halves. In the last section we present the operation of a simple device illustrating the use of triplets generated by singlet fission for charge separation.
Introduction
Singlet fission (SF) is of interest for the conversion of solar energy into electricity or fuel, since a suitable combination of an ordinary sensitizer with an SF sensitizer should increase the efficiency of a single-junction solar cell. For the production of electricity, the theoretical efficiency rises from the Shockley-Queisser limit of *32% [1] to *46% [2] . Before describing SF in solids containing 1,3-diphenylisobenzofuran (1) and its derivatives, analogs, and covalent dimers, we provide a brief introduction to the phenomenon. Additional detail can be found in review articles [3] [4] [5] , and in an earlier review dealing specifically with 1 [6] .
SF is a process in which a singlet excited chromophore transfers some of its energy to a neighboring chromophore and both end up as triplets. The triplets are initially coupled into an overall singlet, making the process spin-allowed and possibly very fast. Figure 1 shows the energy levels of two chromophores, one on the left and the other on the right, and the initial singlet excitation of the left chromophore, normally by absorption of a photon (process 1). The SF event, i.e., the production of a triplet state on each chromophore, is shown as process 2. The description is oversimplified in that the initial excitation may be shared by more than one molecule.
Properly speaking, SF is not over until the two resulting triplets have separated and become independent, and this is not shown in Fig. 1 . SF requires overcoming any binding energy between the triplets, which typically appears to be small if the chromophores are located in two distinct molecules. The separation often happens rapidly when the chromophores occur in the form of crystals, aggregates, or polymers, where triplet hopping from molecule to molecule is generally facile, or even in solution, where solute molecules can diffuse apart. If the binding energy of the two triplets is sufficiently large, the bound triplet pair (biexciton) might be separately observable and kinetically significant, in which case the total SF process would be a two-step event. In isolated covalent dimers, the separation cannot occur and the process stops after step 2 in Fig. 1 , making such dimers a somewhat special case. Fig. 1 Singlet excitation (1) followed by singlet fission (SF) (2) . Reprinted with permission from [3] . Copyright 2010 American Chemical Society A simplified schematic representation of the critical step 2 of Fig. 1 in the diabatic representation is provided in Fig. 2 , and we shall see below that in principle it itself also could occur in a single step, or in two steps. The final separation of the two triplets will not be discussed here. Figure 2 is only symbolic in that it shows the dominant electron configurations, but in reality other electron configurations contribute as well. The left-hand side of Fig. 2 shows frontier orbital occupancies and spins in the initial singlet state, with the left chromophore singly excited and the right chromophore in its ground state. This initial state is normally prepared by the absorption of a photon (in reality, the singlet excitation is often shared by several molecules). The right-hand side of Fig. 2 shows frontier orbital occupancies and spins after SF has taken place. In the resulting doubly excited state of the dimer (biexciton) each chromophore is in its triplet state, but the two triplets are at first coupled into an overall singlet. Again, the real situation is more complicated since a combination of two triplets gives rise to nine substates and spin-dependent parts of the interaction Hamiltonian cause the initially reached singlet to develop in time, giving rise to magnetic field effects that are one of the hallmarks of SF [7, 8] (but will not be discussed here).
There are two ways (mechanisms) in which step 2 can proceed. The usual mechanism is a single-step process with no intermediate. Its rate is proportional to the square of a Hamiltonian matrix element that in the present approximation contains only three contributions. A small one is due to a direct interaction of the initial configuration with the final configuration and is indicated by a red arrow in Fig. 2 . Two large contributions, possibly of mutually opposite signs, are due to the mediated interactions indicated by the cyan and blue arrows in Fig. 2 . The two mediating states that provide the interaction (superexchange) paths are the chargetransfer configurations shown at the top and bottom of Fig. 2 . In these, an electron has been removed from one or the other chromophore and added to its partner. Although there still is some debate as to whether the direct or the mediated contribution to the matrix element is more important, to our knowledge in all cases in which the two have been carefully separated in a computation the direct contribution was found to be negligible relative to the algebraic sum of the mediated ones. The possibly destructive interference between the two mediated paths has interesting implications for the dependence of the matrix element on the choice of the mutual disposition (distance and orientation) of the two chromophores if they are identical; we return to this topic in subsequent text. Destructive interference can be largely avoided if the two chromophores are different, and one acts as an electron donor and the other as an electron acceptor.
In rare instances the energy of one or both charge-transfer configurations can be so favorable that they no longer represent virtual states but become observable real states with finite lifetimes (minima in the lowest excited singlet hypersurface). Then, process 2 in Fig. 1 can proceed by a two-step mechanism with a chargetransfer species as an observable intermediate. We shall see below that certain covalent dimers of 1 dissolved in highly polar solvents are good candidates for this two-step mechanism.
SF was initially observed in crystals, with the first report being for anthracene [9] . It was subsequently invoked to explain thermal quenching of photoexcited fluorescence in tetracene [10] . The phenomenon was confirmed beyond doubt by further studies on tetracene and pentacene [11] [12] [13] [14] [15] [16] [17] [18] [19] and was thoroughly reviewed [20] . Additional studies of polyacene crystals followed [21] [22] [23] [24] [25] [26] [27] [28] [29] . Once the process was considered to be well established, interest in it abated. SF was also found in a few other compounds, including non-crystalline ones (e.g., carotenoids and conjugated polymers), and in solution for a molecule composed of two tetracenes linked via a covalent bridge [30, 31] , but the yields of triplets formed in these additional structures were mostly just a few per cent and always below 30-35%. SF thus acquired the reputation of being a rare and generally inefficient process. The exceptions were tetracene and pentacene, which were suspected to give very high triplet yields, although the actual numbers were not known.
When it comes to potential practical utility, triplet yields that lie substantially below the theoretical upper limit of 200%, and certainly those below 100%, are of no interest. SF materials need to meet a large number of additional conditions, among which stability in the sun under small amounts of atmospheric oxygen is the most obvious. This requirement eliminates both parent tetracene and pentacene as candidates for industrial applications, but leaves the hope that some of their analogs and derivatives might be acceptable.
The pioneering studies firmly established the existence of the SF process and recognized that it is favored in materials in which the first singlet excitation energy E(S 1 ) is roughly equal to twice the first triplet excitation energy 2 E(T 1 ), as in tetracene and pentacene. However, it was only the realization by Nozik and his collaborators [2] that SF could be extremely helpful in boosting solar cell efficiency that launched the present wave of interest in the phenomenon. Until then, there was little motivation to design and then synthesize sturdy and light-fast chromophores whose dimers, oligomers, or crystals would be optimized for high triplet yields from SF. In 2009-2010, several reports of highly efficient SF materials appeared [32] [33] [34] [35] , which led to a thorough reinvestigation of the phenomenon. After a decade of effort, there now is general consensus that efficient SF indeed is rare, but that under the right circumstances, the triplet yield can actually be very close to 200%, as is the case in the two champions, tetracene and pentacene. We believe now, as we did then, that finding a similar yield in a material that is actually practically useful needs to be the top priority in SF research.
The first study that addressed the issue of chromophore design for optimal SF was published in 2006 and used simple theoretical considerations to identify two partially overlapping classes of likely candidates among the vast number of possibilities: large alternant hydrocarbons and biradicaloids [36] . One of the biradicaloid structures identified as promising was 1,3-diphenylisobenzofuran (1) (Fig. 3) , a compound of previously known [37, 38] triplet energy that had already been in use for some time for the detection of singlet oxygen [39, 40] . This is the species to which the present review is dedicated. It is the first and to date the only highly efficient structure entirely different from the traditional polyacenes chosen rationally for SF investigations, and it is even less useful in the practical sense than tetracene and pentacene. Not only is it sensitive to the combination of light and air, it also does not absorb sufficiently into the visible light spectrum. However, its properties prove that a rational design is possible, and it represents an interesting model chromophore. Numerous derivatives of 1, shown in Fig. 3 , are synthesized much more easily than those of tetracene and pentacene, and so are its covalent dimers. Subsequent work elaborated the role of the biradicaloid character in the chromophore still further [41] . Various specific biradicaloid structures have been proposed [42] [43] [44] , but only a very few have been tested, of which none have shown to possess a high efficiency to date. The requirement of biradicaloid character is somewhat unfortunate from a practical point of view, since most known biradicaloids are fairly unstable. By far most of the hundreds of SF studies published in the last decade have been devoted to acquiring a detailed understanding of the SF process in the higher polyacenes and to examining substituted and otherwise modified tetracenes and pentacenes. Although interesting and important, these lie outside the scope of the present review.
The other urgent and difficult issue to address in the search for SF materials is the optimal mutual disposition of the chromophores in a crystal, aggregate, oligomer, or dimer [45] . This problem is difficult because the space of mutual disposition of a pair of rigid bodies is already six-dimensional, and the dimensionality gets out of hand rapidly for larger sets of chromophores. The challenge was first addressed tentatively in 2010 [3] . A simple old model that only considers the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbital on each partner in a pair was selected (Fig. 2) , simple formulas for the SF matrix element were worked out, and it was suggested that a slip-stacked geometry of two planar p-electron systems was especially favorable, whereas the exactly stacked geometry was not. In calculations that are not limited to the HOMO and LUMO orbitals, the contrast is less stark, but the slip-stacked geometry is still favored [46] . The size of this matrix element is critical, since in the Fermi golden rule approximation the rate of SF is proportional to its square.
As noted above, in the HOMO/LUMO model, the matrix element for SF consists of the 'direct' term and the 'mediated' terms, which involve virtual charge transfer between the two members of a pair [3] . Although it was not clear at first which of these contributions to the matrix element is dominant, so far, in all computations in which the terms were carefully separated, the mediated one dominates overwhelmingly. 1 We believe that in most cases it is the only one that needs to be considered seriously.
Further simplification of the HOMO/LUMO model has yielded an extremely simple approximate formula for the SF matrix element [48] that requires only the knowledge of coefficients of the frontier molecular orbitals and the overlaps of the atomic orbitals (AOs) on one and the other partner. This formula permits a computer search for local maxima in the six-dimensional space at hundreds of millions of dimer geometries in a few hours or days, depending on chromophore size.
For a pair of ethylene molecules taken as the simplest model, a few dozen best geometries were identified in this manner, but only a few of these offer really large matrix elements [5] . The simplicity of the formula allows the formulation of a design rule by inspection, and the rule is indeed satisfied in the favorable structures found by the computer: one of the p-symmetry atomic orbitals (AOs) on the first ethylene needs to overlap with both p-symmetry AOs of the second ethylene, while the second AO on the first ethylene should not overlap with the AOs of the second ethylene at all, or at least as little as possible. A generalization of this simple rule applies to more complicated chromophores [5] .
In the Fermi golden rule approximation, both the electronic matrix element just discussed and a density of states term are important. In the Marcus theory approximation, the latter can be expressed through reorganization energy and reaction exoergicity, requiring consideration of the possible differences between excitation energies in an isolated chromophore and those in a dimer (exciton splitting) or a crystal (Davydov splitting). Simple approximate formulas have been developed for the dimer case and added to the computer program that automatically finds optimal geometries in the six-dimensional space of dimer geometries, thereby permitting a removal of some geometries that appear to be favorable on the basis of the electronic matrix element alone [5] .
Maximizing the rate of SF represents only one-half of the task at hand; the other half is minimizing the rates of competing processes. Intramolecular competing processes, such as intersystem crossing, internal conversion, and unimolecular photochemical reactions (e.g., cis-trans isomerization), are relatively easy to avoid by a suitable choice of the chromophore used. It is more difficult to avoid intermolecular processes that need to be considered as soon as a crystal, aggregate, or a dimer are used. The most important of these is the formation of excimers and charge-separated states; intermolecular photochemical reactions can usually be avoided by a suitable choice of chromophores. Both excimer formation and charge separation are detrimental even though their formation preserves most of the electronic excitation energy and does not necessarily preclude subsequent SF (compare the two-step mechanism described above). In practice, however, these processes represent the most common threat to high efficiency in SF. First, they lower the energy of the excited singlet state, making it less likely that the formation of two triplets will be exoergic. Second, in their lowest energy electronically excited state, excimers may have a smaller matrix element for SF. Third, both excitons and charge-separated states often have efficient channels for internal conversion to the ground or the lowest triplet state (e.g., intersystem crossing in the charge-separated species). We shall see in the following sections that in the case of 1 and its derivatives, formation of excimers is often competitive and lowers the yield of triplets from SF. Since it may require motion within the crystal, its occurrence is not easy to predict.
At present, efforts are underway to identify favorable geometries in pairs of chromophores other than the simple ethylene model [5] , including 1. Although the project has not yet been completed, it has become clear that the results are quite sensitive to minor changes in dimer geometry, and we shall see below that indeed the two known crystal structures of 1, although quite similar, provide very different triplet yields from SF [49] . Thus, even though the structure of 1 was selected for investigation in a rational way based on first principles, it was only sheer luck that in the initially investigated polycrystalline layers [33] 1 was packed in the crystal form that provides triplet yields close to 200%.
It needs to be emphasized that in real crystals electronic excitation can be delocalized over several chromophores and that entropy needs to be considered. The correct description of SF then becomes considerably more complicated than in a dimer [50] . The structural guidance obtained from theoretical work on dimers should therefore be viewed as only approximate.
Synthesis of 1, its Analogs and Derivatives
The classical synthetic approach to 1 and similar compounds is the reaction of a 3-arylphthalide with an aryllithium (Fig. 4) . This reaction has been recently used to synthesize a series of alkylated (PI Dron et al., submitted for publication) and fluorinated (J Kaleta et al., unpublished results) derivatives for SF studies ( Fig. 3 ) and has also been used to prepare numerous covalent dimers [51] (both aspects to be discussed in following text). Another synthetic approach has been described more recently [52] , and the parent 1 is available commercially.
Electronic States of Parent 1 and its Ions
Much is known about solution spectroscopy, photophysics, and oxidation-reduction behavior of the isolated molecule of the parent chromophore 1, its radical cation, and its radical anion [53] .
Molecular Geometry
Steric interference between the ortho hydrogens of the phenyl substituents on the one hand and the oxygen lone pair and the peri hydrogens of the isobenzofuran core on the other hand prevents complete coplanarity and results in the existence of two ground state conformations with phenyl twist angles of about 24°, one with C 2 symmetry and the other with C s symmetry. These ground state conformations are calculated to have nearly identical energies and geometries, and differ primarily only by the sense of rotation of the phenyl groups. Their calculated vibrational and electronic transition spectra are essentially identical. The crystal structure of the C 2 conformer has been solved [53] (Fig. 5; Table 1 ), and the alternation of CC bond lengths in its isobenzofuran core suggests that in the ground state, 1 can be Fig. 4 The standard synthetic route to 1 and its derivatives described approximately as a p-excessive heterocyclic polyene with four double bonds and two phenyl substituents. Calculated geometries of the S 1 and T 1 excited states and D
? and D -radical ion states exhibit less bond length alternation in the isobenzofuran ring system, indicating stronger p-electron delocalization. This is compatible with the reduced twist angles of the phenyl substituents, which are only about 7-10°in the S 1 , T 1 , and D -states, making the C 2 and C s conformers nearly identical and effectively having C 2v symmetry. Interestingly, in the D ? cation, the phenyl twist angle remains nearly the same as in the ground state. 
Singlet Excited States [53]
The electronic transition moments in both conformers of the slightly non-planar 1 are calculated to lie within a few degrees of the y and z axes shown in Fig. 5 , and it is acceptable to describe the electronic states of 1 in terms of the C 2v group. Panels a and c in Fig. 6 show the absorption, fluorescence, fluorescence excitation, and magnetic circular dichroism (MCD) spectra of 1 in cyclohexane (CH) at room temperature. Panel d shows the absorption, fluorescence, fluorescence excitation, and the anisotropy of fluorescence and fluorescence excitation in 3-methylpentane (3-MP) at low temperature (77 K). It is believed that the two conformers contribute equally to the spectra shown. Panels b and f show the results of semi-empirical and ab initio calculations, both of which account well for the observations. The photophysical data for 1 are nearly solvent independent: the first absorption peak lies at *24,300 cm -1 and is relatively intense (e = 23,400 M -1 cm -1 ), and its vibronic features are spaced at *1400 cm -1 . Fluorescence is an approximate mirror image of the first absorption band. Its first peak is found at *22,100 cm -1 , and its quantum yield is 0.96 ± 0.03. The absence of detectable internal conversion or intersystem crossing makes 1 a favorable candidate for SF [36] . The fluorescence lifetime is *6 ns and corresponds to a fluorescence rate constant of *0.15 ns -1
. At low temperature, the vibronic structure is more pronounced, making it clear that the true Stokes shift is small (\500 cm -1 ). The essentially constant fluorescence anisotropy of 0.38 for excitation anywhere in the first absorption band and for observation anywhere in the emission demonstrates that the first absorption band and the fluorescence are purely polarized along the same axis; all methods of calculation agree that its direction is y in Fig. 5 . The pure polarization of the first absorption band permitted the use of linear dichroism in stretched polyethylene to prove that two distinct conformers are actually present and orient to different degrees. Their Franck-Condon envelopes in the first transition are slightly different.
The second electronic transition from the ground state occurs near 30,000 cm
and is z-polarized (Fig. 6e) . It is weak and cannot be seen in an ordinary absorption spectrum. The somewhat stronger broad band around 32,000 cm -1 is due to a ypolarized transition, and calculations predict two additional very weak transitions near this energy, one of each polarization. The first intense z-polarized transition is found at *37,000 cm -1 , where a non-radiative decay channel opens and the fluorescence excitation spectrum stops following the absorption spectrum faithfully.
The absorption spectrum of the S 1 state appears immediately following resonant pulsed excitation and decays as a single exponential with the same lifetime as the fluorescence. The most prominent bands are located near 14,500 and 22,000 cm -1 (Fig. 7) .
The nature of the excited states and of the molecular orbitals involved in the excitations is shown in Fig. 8 . The lower energy states can be understood simply in terms of the perimeter model [54, 55] , which allows the S 1 state to be given the label L 1 and the S 2 state, the label L 2 . The perimeter model also leads to a recognition of 1 as a ''positive hard MCD chromophore'' [56] and correctly accounts for signs in the MCD spectrum.
Triplet States
As might be expected from a fluorescence quantum yield of nearly unity, no phosphorescence is observed in a low-temperature glass, and no transient triplettriplet absorption is seen in a laser flash photolysis experiment without a sensitizer. The excitation energy of T 1 has been reported as *11,900 cm -1 (adiabatic) in benzene solution based on triplet sensitization [37] , as *12,900 cm -1 in Dimethylformamide (DMF) based on electrogenerated chemiluminescence [38] , and as *11,400 cm -1 in a solid film from electron energy loss spectrum [53] . Triplet transitions T 1 -T n were identified by diffusion-controlled energy transfer from the triplet of photoexcited anthracene to ground state 1 (Fig. 7) . A strong and narrow band at *21,500 cm -1 has been attributed to overlapping transitions from the 1B lowest triplet state to the 3A, 4B, and 4A states, and should therefore be of mixed polarization. Lower lying triplet transitions are calculated and observed near 14,000 cm -1 but are considerably weaker than those at higher energy. The triplet lifetime in dilute solution is *230 ls.
The most important gap in our knowledge is the absence of the electron paramagnetic resonance spectrum of the triplet of 1, which means that the D and E parameters ordinarily used for the description of the zero-field-splitting tensor are unknown. In summary, the vertical excitation energies S 0 -S 1 (*24,300 cm -1 ), S 0 -T 1 (*11,400 cm -1 ), and S 0 -T 2 (estimated at 25,500 cm -1 ) satisfy the conditions EðS 1 Þ; EðT 2 Þ ! 2EðT 1 Þ, considered desirable for SF.
Electrochemistry and Radical Ions
As would be expected for a p-excessive heterocycle, 1 is relatively easy to oxidize and difficult to reduce. In liquid SO 2 , reversible one-electron oxidation takes place at ?0.35 V against ferrocene/ferricinium (Fc 0/1 ) and at ?0.85 V against a saturated calomel electrode (SCE). Reversible one-electron reduction in N,N-dimethylformamide takes place at -1.85 V against SCE [51] .
The absorption spectra of the radical cation 1 ?• and radical anion 1 -• , produced by pulse radiolysis in 1,2-dichloroethane and tetrahydrofuran solution, respectively, are shown in Fig. 9 , revealing bands at 15,000 and 18,500 cm -1 , respectively. As might be expected [57] , the transitions in the absorption spectra of the singlet and triplet states of 1 and of the radical ions 1 ?• and 1 -• are inter-related.
Substituted Derivatives
Various derivatives of 1 carrying weakly interacting substituents have been synthesized (Fig. 3) , mostly with the intention of keeping the chromophore nearly the same but modulating its packing in the solid state dramatically. Measurements of SF rates would then presumably primarily provide information on the effect of crystal packing alone. In solution, the optical properties primarily reflect the degree of twisting of the phenyl groups that the substitution engenders. For the fluorinated derivatives, the twisting increases when fluorine atoms are present at the ortho or Striped arrows indicate that more than one electron promotion has a significant amplitude. Reprinted with permission from [53] . Copyright 2010 American Chemical Society meta positions in the phenyl groups, whereas substitution in the para position has negligible effect. A larger twist reduces conjugation and causes a blue shift in the onset of absorption and fluorescence. As the degree of fluorination increases, the fluorescence lifetimes and quantum yields are slightly reduced. The triplet spectra are largely unaffected. For the alkyl derivatives 1f-1h, the deviations of absorption spectra from 1 are minor. All derivatives show a slight red shift of \200 cm -1 and remain highly fluorescent. 
Photophysics of Thin Films of 1 and its Derivatives
Thin films of 1 were fabricated using thermal evaporation of powdered material or casting from solution [33] . The films employed for photophysical measurements were between 25 and 150 nm thick and tended to be highly polycrystalline, based on sharp and strong X-ray diffraction (XRD) peaks, but the crystal structure depended on the deposition conditions. Two dominant progressions of XRD peaks can be seen, separated by about 0.1°at the first observable reflection (2h = *9°) (Fig. 10a) . The films with lower 2h values are labeled a and those with higher 2h values are labeled b. Films of a mixed type can be made directly or through strategic annealing steps. Rapid deposition of 1 ([5 Å /s) favors the polymorph a, whereas slower deposition and mild thermal annealing favor the b form. Most solution cast films were of the a form, but exposure to ambient conditions converted them to b.
Crystal views are shown in Fig. 10b . Crystals grown from solution were isolated and studied with XRD and structural analysis. Two forms were discovered, matching the forms seen in thin films [49] . The crystal habits also roughly match crystallite shapes observed via atomic force microscopy for thin films. The ability to fabricate films of nearly pure polymorph composition and to compare these with known bulk structures was a major milestone for the pursuit of understanding the role of interchromophore coupling on SF [45] . The use of naturally occurring polymorphs in this fashion has become common among other SF systems [58, 59] . Despite the similarity of the unit cell parameters and nearest neighbor interactions, the two film types exhibit very different photophysics. Ground state absorption is best judged by extracting absorbance from integrating sphere measurements of transmission and reflection due to considerable scattering and wavelength-dependent reflectivity of the thin films. The resultant spectra are shown for a and b, respectively. The vibronic envelopes are also altered, with the a form possessing a larger amplitude for the 0-1 vibronic transition. The fluorescence retains a similar vibronic progression for both film types, but also contains an underlying red-shifted Gaussian band (Fig. 11b) . This feature is stronger for b than for a film types, as is the overall room temperature fluorescence yield (59 vs. 16%, respectively).
The triplet yields of crystalline thin films of 1 were determined from transient absorption data by taking the ratio of signal amplitudes associated with the maximum triplet signal (Dt = 200 ps) and the initial bleach (Dt = 0.2 ps). This ratio was corrected by the ratio of ground state bleach to triplet absorption molar extinction coefficients at 22,500 and 21,500 cm -1 , respectively, and was assumed to be e G :e T = 0.7, the same as in solution. The corrected signal ratio was further modified by an orientation factor that reflects the relative alignment of triplet and S 0 -S 1 bleach transition dipole moments at the respective wavenumbers. The transition moment of the ground state absorption lies in the molecular y axis, and XRD results imply that in thin films it is therefore oriented parallel to the substrate surface. The triplet absorption has a mixed polarization (y, z) in the spectral region of interest, and only the y-polarized fraction contributes significantly to the observed film absorption at normal incidence. Tilting the sample and detecting the triplet signal E T with s-and p-polarized light as a function of the tilt angle x yielded no change in triplet absorption strength. The fraction of absorption that is polarized along the y axis is given by 2E sT sin 2 x . E The triplet yield U T for the b form is *1.4 at room temperature (Fig. 12a) . It depends on temperature, rising to 2.0 at 80 K before falling slightly by 10 K. It is much smaller for the ß form, *0.1 at room temperature [33] . The dramatic difference in U T between the two forms is underpinned by the kinetic profiles of singlet and triplet state populations determined from transient absorption spectroscopy (Fig. 12b) . Transition assignments are made using information obtained from solution studies of 1 and are justified by the weak electronic coupling displayed in the films.
In a films, the T 1 -T n absorption features increase with an *15 ps time constant, which is identical to the decay time constant of stimulated emission and S 1 -S n absorption. Concomitantly, the bleach strength increases with the same time constant, signaling the consumption of additional ground states during SF. The increase in bleach amplitude can be quantified and provides a second estimate of U T , which matches the yield found from direct counting of triplets produced after excitation. For b films, a large stimulated emission component is present from early delay times and decays multiexponentially. A small residual triplet signature is observed at long delay times. We have identified several factors that limit U T for btype crystals: (1) an intrinsically slower SF process due to lower values of the SF matrix elements, as calculated from molecules in the unit cells of a and b; (2) the propensity for fast excimer formation; and (3) a larger Davydov splitting that leads to a depressed S 1 energy that introduces a significant unfavorable energy difference between E(S 1 ) and 2 9 E(T 1 ) [60] . Evidence for excimer formation is found in the fast rise of a broadened stimulated emission feature for b films.
Crystal engineering strategies have been considered for modulating SF rates, but many intrinsically alter the electronic structure of the molecule to an excessive degree [61] . The series of alkylated (PI Dron et al., submitted for publication) and fluorinated (J Kaleta et al., unpublished results) derivatives of 1 shown in Fig. 3 provides an interesting variety of intermolecular packing geometries in polycrystalline thin films (Fig. 13) , without significant perturbation of the chromophores and their S 1 -T 1 T 1 energy alignment.
Whereas films of the parent 1 and its monofluoro derivative 1a have nearly identical intermolecular packing and both exhibit a SF rate of *15 ps (Fig. 14c shows the associated spectrum), the pentafluoro derivative 1d, with a slightly modified slip-stack structure, undergoes SF in *7 ps (J Kaleta et al., unpublished results). In these instances, S 0 bleach and S 1 and T 1 absorption are the only features observed in the transient absorption spectrum, and these times reflect SF rates. The crystal structure for the decafluoro derivative 1e reveals a different packing motif, in which the molecules are not slip-stacked but arranged with their y axes close to mutually perpendicular. An excimer is not formed, and transient absorption measurements of films of 1e show that SF still occurs with a time constant of *12 ps, which is slightly faster than for 1.
Derivatives of 1 carrying one or two alkyl (methyl or tert-butyl) groups on one of the phenyl rings (1f-1h) have also been investigated (PI Dron et al., submitted for publication). Their absorption and fluorescence spectra in solution are nearly identical with that of 1, and the fluorescence quantum yields are essentially unity. The films cast from solution are at best partially crystalline, with only 1f exhibiting clear peaks in XRD. The absorption spectra are slightly broadened compared with the solution, most notably for 1g and 1h. In all films, two stages of excited state evolution are detected (listed in the order 1f, 1g, 1h): one with *25, 35, and 75 ps time constants and the other with *300, 500, and 800 ps (Fig. 15a) . In each case, triplet formation is most clearly seen in the slower step, while excimer formation occurs with the faster time constant. The relative yields of triplet versus excimer can be qualitatively discerned by their strengths of absorption (at 21,500 and 18,000 cm -1 ) in the long delay time spectra (Fig. 15b) . The values of U T are 0.75 ± 0.2, 0.55 ± 0.18, and 0.34 ± 0.15, respectively. The parallel formation of excimers and triplets suggests a ''two-site'' model for excited state dynamics in these quasi-amorphous films, similar to the behavior found in quasi-amorphous diphenyltetracene films [62] , in which slow exciton diffusion to preferred sites leads to a delayed rise in triplets. The trend in triplet formation time and U T for alkylsubstituted 1 is correlated with the substitution of increasingly bulkier groups. The disruption of close packing potentially affects both the concentration of SF active nearest neighbor sites (most prevalent in regions where type a phases are present), as well as the opportunity for fast diffusion to such sites. Excitations residing and remaining at the majority of locations in a disordered film are likely to quickly form excimers.
5 Covalent Dimers of 1
Weakly Coupled Dimers
With two molecules of 1 covalently bound to each other, a range of interchromophore dispositions and electronic couplings has been explored (Fig. 16) . Weak electronic coupling, needed to avoid excessive triplet-triplet interaction, is assured either by the inclusion of an aliphatic spacer between chromophores, by enforcing a large twist between dimer halves via steric effects, or by connecting the monomers through their meta positions (2, 3, 4) [61] . In these dimers, excitonic effects slightly modify the solution vibronic envelope of 1. Additional strength is observed near the lowest 0-0 transition in those dimers that have the y axes of 1 (Fig. 3) aligned head- (Fig. 17a) . In pump-probe spectroscopy, absorption bands at 15,000 and 18,000 cm -1 are observed. Through comparison with the spectra of radical ions of 1 described above, the bands are assigned to 1
•? and 1
•-, and it becomes clear that the chargeseparated, or so-called ''charge-transfer (CT) state'' of the dimer is being observed. The rise time of the CT features characterizes the charge transfer event as relatively fast (50-200 ps) and dependent on the interchromophore geometry and solvent polarity. The CT and S 1 species are in equilibrium, and the fluorescence lifetimes thus reflect all of the relevant rates. A small yield of triplet states U T is detected at delay times of[1 ns, and the triplet rise time is correlated with CT population decay (Fig. 17b) . U T varies from 0.01 to 0.10 depending on temperature and solvent. Due to the low yields, a definitive assignment of the triplets as being born from SF is not possible, and radical pair intersystem crossing also is a plausible pathway (Fig. 17c) . In any event, it is apparent that the SF time is much longer than the natural decay time of the CT state (1-2 ns). The authors of a more recent study on a terrylenediimide dimer system come to similar conclusions about the deleterious effect of populating the real CT state in polar solvents; however, in that case the beneficial involvement of the virtual CT state in nonpolar solvents was also shown [63] .
Measurement of the temperature-dependent rate of charge transfer between halves of the dimer yielded an energy difference between the localized S 1 and CT states of several kilocalories per mole. Shifting of the S 1 -CT equilibrium toward the CT states at lower temperatures forces a shift of additional population to T 1 , which increases the triplet quantum yield at lower temperatures. This trend continues as the temperature is lowered until the CT is arrested as the solvent freezes and the solvent stabilization of the CT state upon photoexcitation is too slow to compete with radiative relaxation from S 1 . This type of behavior mimics observations of socalled twisted intramolecular charge-transfer (TICT) states in classical systems [64] .
Strongly Coupled Dimers
Covalent dimers with stronger electronic coupling have no spacer between chromophores, no substitution for increased steric hindrance, and a para-para or meta-para attachment regiochemistry (5 and 6). These directly conjugated dimers behave differently than 1, even in nonpolar solvents. A red-shifted and broadened ground state absorption is observed, particularly for 6 [65] . Fluorescence is also red-shifted and strongly solvatochromic (Fig. 18a) , with widely varying yields of 20-85%. Fluorescence decay kinetics detected at various wavenumbers are generally biexponential, and the amplitude spectra associated with the faster and slower components are unique. The spectrum associated with the slower decay is blue-shifted and more strongly structured, similar to that of isolated 1. The spectrum associated with the faster decay is red-shifted, which suggests a species with larger oscillator strength and more extended delocalization than isolated 1. The corresponding excitation spectra reveal similar trends: a monomer-like excited state species dominates at higher energies whereas evidence for a state with extended conjugation is found at lower energies.
Triplets form in both polar and nonpolar solvents. For 5, the triplet yield is 0.08 in toluene and 0.12 in DMSO. In DMSO the triplets clearly form via a CT intermediate state, as in 2 and 3, whereas in toluene the CT state formation is less clear. For 6, the initially formed triplet spectrum resembles the T 1 -T n of 1 with a slight red shift (maximum at *20,000 cm -1 ). However, over the course of 1-50 ls, the spectrum changes and contains only a strong band at 14,000 cm -1 (Fig. 18b ). This strong band is also observed upon triplet energy transfer from anthracene. The action spectrum of triplet formation in toluene (Fig. 18c ) reveals a shift in the onset of triplet production from that of the ground state absorption, implying that a higher energy singlet forms triplets more efficiently than a lower energy singlet. Calculations of minimized singlet and triplet geometries (Fig. 19 ) further point toward a dual triplet model in which a localized triplet resembling that of monomeric 1 forms relatively efficiently (U T 0.30-0.40) upon excitation above 22,000 cm -1 . A delocalized triplet forms with low efficiency (U T \0.05) after lower energy excitation. The latter triplet is also formed via diffusion-controlled energy transfer between the localized triplet and the ground state of 6.
The excitation localization/delocalization isomerism, present in both the triplet state and the first singlet excited but not the ground state, is quite unusual. It appears to result from the excitation of ground state species with particular geometries favored to produce an excited singlet that is predominantly localized (higher energy excitation) or delocalized (lower energy excitation) (compare Fig. 19) . These singlets can then produce triplets that are correspondingly localized or delocalized. The excited singlet with twisted geometry is found to be less prevalent when 6 is dissolved in polar solvents, and concomitantly the dual behavior is more difficult to detect (Fig. 18c ) than in less polar solvents like toluene. SF appears to be possible from the localized singlet, but it would probably be highly endothermic from the delocalized singlet, which from the temperature and excitation energy dependence of fluorescence is found to lie 2300 cm -1 below the localized singlet [66] . This type of isomerism may be an important feature of other SF dimer systems which have attracted increasing attention recently [63, 67, 68] .
Photovoltaic Devices with the Chromophore 1
In order to observe evidence of SF in a situation where charges are collected, one must couple the SF chromophores to a charge (or energy) acceptor [69] . Dyesensitized solar cells (DSSCs) are common platforms for extracting charge from an organic dye following photoexcitation. We employed 1 and 1n as ''sensitizers'' of nanocrystalline TiO 2 for the collection of photocurrent [70] . Without functionalization 1 should not have strong affinity for binding to TiO 2 ; however, we discovered that a small amount of a colorless photo-oxidation product that formed in oxygenated solutions was able to facilitate adsorption of 1 on the surface of TiO 2 . The sensitized photoelectrodes were brightly colored and stable in an electrolyte (Fig. 20a) . The devices produced a high yield of photocurrent (roughly 80% internal quantum efficiency) and an overall power conversion efficiency of 1.1%. Electron transport through the nanocrystalline TiO 2 films was found to be on par with that seen in high-performing dye/TiO 2 systems, resulting in diffusion lengths (60-100 lm) that were at least eight times longer than the typical film thickness (*7 lm). Thus, the photocurrent yield was not limited primarily by recombination but rather by the yield of injected charges, which is potentially influenced by SF. However, the electron injection time was measured to be\200 fs, which is far faster than SF.
In order to demonstrate that triplets born from SF could be dissociated and lead to photocurrent, a dielectric barrier of varying thickness was deposited on the TiO 2 surface (Fig. 20b) . ZrO 2 was deposited via chemical bath deposition in cycles that added *5 Å of thickness each. The dielectric barrier reduced the electron injection rate from S 1 , allowing SF to occur in the chromophore assembly near the surface. Subsequent injection from long-lived triplets, created at a yield of roughly 1.5 times that of singlets, led to a ''kink'' in the photocurrent versus barrier thickness profile (Fig. 20c) . The rise in photocurrent corresponds with the thickness of ZrO 2 needed to slow electron injection from S 1 beyond *30 ps, the estimated SF time for the molecules near the TiO 2 surface (Fig. 20d) .
A five-carbon saturated chain terminated with a carboxylic acid group was attached to 1 to yield 1n and covalently bind the dye to the surface. Now, binding was strong even in the absence of the photo-oxidation products, and the carbon chain further slowed the S 1 injection process. The ''kink'' in the photocurrent spectrum occurred for a much smaller thickness of ZrO 2 than with the unsubstituted 1. The photocurrent quantum efficiency of the device never exceeded 100% due to loss channels that advance with increasing ZrO 2 thickness. However, the clear demonstration of the influence of triplets born from SF on the photocurrent represents an important step toward the practicality of SF-based solar photoconversion devices. and triplet (red) contributions. Solid and dashed gray curves are derived assuming that the percentage of SF-active surface-bound 1 is 50% and 25%, respectively 7 Outlook 1,3-Diphenylisobenzofuran (1) represents the first successful demonstration of a molecule specifically designed to exhibit efficient SF. The observation of high triplet quantum yield and the associated fast triplet rise times in thin films has left little doubt about the validity of the design principles used to arrive at small molecule candidate structures based on biradicaloids for SF. The potential for utilizing SF in 1 has also been demonstrated, although true practicality would require further functionalization to endow the chromophore with greater photostability and optical absorption that covers a larger portion of the solar spectrum. In particular, schemes in which triplets born from SF in biradicaloids like 1 undergo energy transfer to high-performing narrow band gap bulk semiconductors should be explored [71, 72] . The S 0 -T 1 energy gap of 1, roughly 1.42 eV, is significantly larger than the band gap of Si (1.1 eV), but it may be an excellent match for gallium arsenide (GaAs; *1.4 eV), from which world record single-junction solar cells have been made. This type of very simple tandem solar cell shows promise for practical utilization.
